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Open access under the ElAgrobacterium tumefaciens is widely used for plant DNA transformation and more recently, has also been
used to transform yeast, ﬁlamentous fungi and even human cells. Using this technique, we developed the
ﬁrst transformation protocol for the saprobic aquatic fungus Blastocladiella emersonii, a Blastocladiomyc-
ete localized at the base of fungal phylogenetic tree, which has been shown as a promising and interest-
ing model of study of cellular function and differentiation. We constructed binary T-DNA vectors
containing hygromycin phosphotransferase (hph) or enhanced green ﬂuorescent protein (egfp) genes,
under the control of Aspergillus nidulans trpC promoter and terminator sequences. 24 h of co-cultivation
in induction medium (IM) agar plates, followed by transfer to PYG-agar plates containing cefotaxim to kill
Agrobacterium tumefsciens and hygromycin to select transformants, resulted in growth and sporulation of
resistant transformants. Genomic DNA from the pool o resistant zoospores were shown to contain T-DNA
insertion as evidenced by PCR ampliﬁcation of hph gene. Using a similar protocol we could also evidence
the expression of enhanced green ﬂuorescent protein (EGFP) in zoospores derived from transformed cells.
This protocol can also open new perspectives for other non-transformable closely related fungi, like the
Chytridiomycete class.
 2011 Elsevier Inc.Open access under the Elsevier OA license. 1. Introduction
The saprobic aquatic fungus Blastocladiella emersonii belongs to
the Blastocladiomycete class, which is localized at the base of fun-
gal phylogenetic tree (Heckman et al., 2001; van der Auwera and
De Wachter, 1996). This special position makes B. emersonii an
interesting system for studying biology of lower fungi. Its remark-
able life cycle is characterized by two distinct stages of cell differ-
entiation: germination and sporulation. Sporulation stage begins
when vegetative cells are placed under adverse nutritional condi-
tions. The fungus stops growing and after a series of morphological
changes, culminates in maturation and releasing of zoospores, mo-
tile cells indispensable for survival and dispersion of the organism.
The zoospore is a wall-less cell that neither grows nor divides, but
can swim for hours using its endogenous reserves. In the presence
of appropriate stimuli the zoospore germinates, undergoing a ser-
ies of drastic morphological and biochemical changes. In the ﬁrst
15 min of germination, in which a cellular efﬂux of calcium (Gomesento de Física e Informática,
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sevier OA license. et al., 1980), mobilization of cellular glycogen (Vandercammen
et al., 1990), and a decrease in lipid contents (Smith and Silverman,
1973) have occurred, the zoospore retracts its single polar ﬂagel-
lum and forms a thin cell wall of chitin, becoming a round cell.
The round cell is then converted into a vegetative germling cell,
with formation of a germ tube that elongates and begins to branch
at approximately 60 min, giving rise to a rhizoidal system through
which nutrients are absorbed (Truesdell and Cantino, 1971).
A recent large-scale EST sequencing program available at http://
blasto.iq.usp.br/ revealed sequences previously considered speciﬁc
to animals or plants, and highly divergent sequences relative to
other fungi which makes the study of this fungus even more inter-
esting (Ribichich et al., 2006, 2005). This EST Databank has pro-
vided a series of gene expression studies that were recently
conducted with this fungus, concerning to responses to cell differ-
entiation (Salem-Izacc et al., 2009), environmental stresses (Georg
and Gomes, 2007) and oxygen deprivation (Camilo and Gomes,
2010). It was also suggested that the second messenger cGMP,
accumulated during sporulation of B. emersonii, may be produced
by a NO-sensitive guanylyl cyclase (Vieira et al., 2009). Such signal
transduction pathway was never found in higher fungi, but it
seems that primitive fungi, like Chytridiomycetes and Blastocladio-
mycetes, which have a motile-cell stage of differentiation, probably
retained these genes, once cGMP signaling is involved with cell
motility. There is no doubt that B. emersonii is a promising and
Table 1
Primers used in this study.
Target DNA for PCR ampliﬁcation Primer sequences (50–30)
pCSN43 trpC promoter Fw-ggatccAGAAGATGATATTGAAGGAGC
Rv-ggtaccGCTTCGGTAGAATAGGTAAGT
pCSN43 trpC terminator Fw-aagcttACTTAACGTTACTGAAATCAT
Rv-gaattcTCTAGAAAGAAGGATTACCTC
pEGFP-N2 EGFP gene Fw-ggtaccATGGTGAGCAAGGGCGAGGAG
Rv-aagcttCTACTTGTACAGCTCGTCCATGCC
hph gene Fw-GAAAAGTTCGACAGCGTCTCC
Rv-ACTTCTACACAGCCATCGGTC
Low caps indicate restriction enzyme sequence recognition sites.
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but an outstanding barrier for future advances in such research is
genetic transformation of this fungi.
Although Agrobacterium tumefasciens-mediated transformation
(ATMT) system is commonly used for plant cells, this technique
was also shown to be useful for transformation of several fungi,
yeast and even human cells (Bundock et al., 1995; Chen et al.,
2000; de Groot et al., 1998; Kunik et al., 2001; Zwiers and De
Waard, 2001). The genus Agrobacterium belongs to the Gram-neg-
ative soil bacteria, found associated with plants. Many members of
this group cause disease on plants. Infections of wound sites by
Agrobacterium tumefaciens cause crown gall tumors on a wide
range of plants including most dicots, some monocots, and some
gymnosperms (Matthysse, 2007). A. tumefaciens induces tumor
growth by transfer of part of its DNA (T-DNA), which is localized
in a 200 kbp Ti plasmid (Tumor inducing). After integration into
the host genome, genes naturally present in the T-DNA, encoding
enzymes that participate in production of plant-growth regulators,
are expressed. Such expression results in uncontrolled tissue
growth and consequently tumorigenesis. Ti plasmid also contains
a virulence region, composed of a series of vir genes, needed for
tumorigenicity (Zhu et al., 2000; Zupan et al., 2000). The proteins
encoded by the virulence region are involved in transport,
formation and probably in integration of T-DNA (Hooykaas and
Beijersbergen, 1994; Zhu et al., 2000). The T region of Ti plasmid
is ﬂanked by a 24 bp-repetition, representing the cis-acting signal
for the delivery system to the host cell. However, all sequences
of the natural T-DNA can be deleted and replaced by another
DNA sequence, without any deleterious effect in DNA transference
to the host cell. Usually, for plant cell transformations, the binary
vector system is used. In this system, T-DNA and the virulence
region are separated in two distinct plasmids, allowing an easier
genetic manipulation of the smaller binary vector containing the
T-DNA (Hoekema et al., 1983).
To date it there has been no described transformation protocol
for members of Blastocladiomycete class and nor for members of
the Chytridiomycetes, its closest related class, which includes the
amphibian pathogen Batrachochytrium dendrobatidis. This fungus,
which had its genome recently sequenced and is implicated as a
primary causative agent of amphibian declines (Fisher et al.,
2009). It is important to remember that until recently, B. emersonii
was classiﬁed as a member of the Chytridiomycetes. In the present
work we report the ﬁrst Blastocladiomycete transformation proto-
col. We show that A. tumefasciens is able to transfer its T-DNA to
B. emersonii cells, which was evidenced by resistance to hygromy-
cin B, PCR analysis of genomic DNA and expression of enhanced
green ﬂuorescent protein (EGFP).2. Material and methods
2.1. Constructs
pBINPLUS-Hph was constructed by the insertion of a 2.4 kbp
SalI fragment from pCSN43 plasmid (Staben et al., 1989) into the
binary vector pBINPLUS (van Engelen et al., 1995). This fragment
carries the Escherichia coli hygromycin B resistance gene (HigBr),
that codes for the hygromycin B phosphotransferase enzyme
(HPH), under the control of Aspergillus nidulans trpC promoter
and terminator. pBINPLUS-EGFP was constructed by insertion of
a 1.8 kbp HindIII/EcoRI fragment containing the enhanced green
ﬂuorescent protein (EGFP) gene ampliﬁed (primers in Table 1)
from pEGFP-N2 vector (Clontech) under control ofA. nidulans trpC
promoter and terminator sequences ampliﬁed from pCSN43
(Staben et al., 1989) (primers in Table 1), into pBINPLUS vector
(van Engelen et al., 1995). E. coli strain DH5a was used as therecipient strain for all plasmids. All DNA manipulations were
performed using standard procedures (Sambrook et al., 1989).
pBINPLUS-Hph and pBINPLUS-EGFP were electroporated to A.
tumefasciens EHA105 strain, which carries the pTiEHA105 Ti plas-
mid. This plasmid has a complete deletion of T-DNA and has succi-
namopin-type supervirulent vir genes (Hood et al., 1993).
Electroporation conditions were 25 lF, 200X, 2.5 kV (0.2 cm cuv-
ettes) in Gene Pulser electroporator (Bio-Rad, USA).
2.2. Culture conditions for A. tumefasciens
A. tumefaciens EHA105 cells containing the binary vectors were
grown overnight at 28 C in minimal medium (MM) (K2HPO4
3 g L1, NaH2PO4 1 g L1, NH4Cl 1 g L1, MgSO47H2O 0.3 g L1, KCl
0.15 g L1, CaCl2 0.005 g L1, FeSO47H2O 0.0025 g L1, glucose
10 mM, pH 7.2) containing 50 lg mL1 kanamycin. Subsequently,
1 mL of the culture was washed twice with 1 mL inductionmedium
(IM;MM salts with 40 mM 2-[N-morpholino] ethanesulphonic acid
(MES), 10 mM glucose, 0.5% (w/v) glycerol, pH 5.3), 10 diluted in
fresh IM and grown for another 5 h at 28 C. The ﬁnal OD600 of the
cultures should be 0.25. Before co-cultivation the cells were
washed twice with an equal volume (1 mL) of sterile milliQ water.
2.3. Co-cultivation and selection of transformants
The co-cultivation procedure was based on the previously de-
scribed protocol for A. tumefasciens-mediated transformation of
the oomycete Phytophthora infestans (Vijn and Govers, 2003).
About 5  107 B. emersonii zoospores were inoculated in 50 mL
DM4 medium (Maia and Camargo, 1974) and incubated at 28 C
for 1.5 h with agitation to allow zoospore germination. Cells were
then harvested by centrifugation (12,000 rpm), washed with sterile
milliQ water and resuspended with the 1 mL of A. tumefasciens pre-
pared cells. The mixture was applied uniformly over two IM-agar
plates containing 5 mM glucose and incubated at 19 C for 24 h.
After co-cultivation the plates were scraped with a sterile glass
slide to remove the adhered cells that were further transferred to
20 mL PYG-agar plates containing 200 lg mL1 cefotaxim (Sigma)
to kill A. tumefasciens. The plates were incubated at 28 C until
sporulation. In the case of pBINPLUS-Hph transformation, the
plates also contained 150 lg mL1 hygromicin B and resistant zoo-
spores were replicated for up to ten generations in wet PYG-agar
plates containing 250 lg mL1 hygromycin B (inoculating zoo-
spores in new selection plates at each generation). As a negative
control we used the binary vector pBINPLUS without hph or egfp
insertions.
2.4. Genomic DNA extraction from zoospores
The pool of transformed zoospores was collected, centrifuged at
12,000g for 5 min and washed twice with milliQ water. Then, it
Fig. 1. Schematic representation of T-DNAs of pBINPLUS-Hph (A) and pBINPLUS-EGFP (B) binary vectors used for transformations.
Fig. 2. Schematic outline of A. tumefaciens-mediated transformation of Blastocladi-
ella emersonii.
Fig. 4. PCR analysis of transformants genomic DNA pool. (A) Schematic represen-
tation of the hygromycin resistance cassette in the T-DNA with the PCR primers
localization. (B) PCR analysis of hygromycin cassette ampliﬁcation in genomic DNA
of three zoospore pools of resistant transformants. C = positive control with
pBINPLUS/hph plasmid; WT = genomic DNA of wild-type non-transformed cells;
R = genomic DNA from resistant zoospore pools. Hph primers are listed in Table 1.
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1%, pH 7.5) followed by soft inversion for 30 min at 25 C. The ly-
sate was treated with saturated phenol pH 7.5, saturated phenol
pH7.5/chloroform (1:1) and chloroform. Genomic DNA was precip-
itated with 1/10 (v/v) sodium acetate 3 M and cold isopropanol,
centrifuged at 12,000g for 20 min and washed with cold 70% etha-
nol. Precipitated DNA was dried in speed-vac, solubilized in 50 lL
TE/RNAse and stored at 20 C.Fig. 3. Typical appearance of hygromycin B resistant transformants. (A) Wild-type n
interruption caused by hygromycin B. (B) Hygromycin B resistant cells showing norm
resistant transformants showed in the ﬁgure were plated in PYG-agar with 200 lg mL1 h2.5. Confocal laser-scanning microscopy
Green ﬂuorescent images of B. emersonii cells deriving from
pBINPLUS-EGFP transformation were recorded by a Zeiss LSM
510 ConfoCor3 confocal microscope. Zoospores were allowed to
grow on the surface of a Petri plate at 27 C. Cells naturally adhered
to the plate surface were washed three times and incubated with
sporulation solution (1 mM Tris–maleate buffer, pH 6.8, 1 mM
CaCl2) to induce sporulation and visualized with excitation and
emission wavelengths of 488 and 507 (±35 nm), respectively.3. Results
3.1. T-DNA transfer containing hygromycin B resistance gene
Prior to experimental procedures for ATMT, we determined the
hygromycin B (Hyg B) minimum inhibitory concentration for B.
emersonii. We inoculated zoospores in wet PYG-agar plateson-transformed cells showing abnormal morphology and completely sporulation
al sporulation. Arrow indicates one of the released zoospores. Both wild-type and
ygromycin B. Both pictures were taken at 100magniﬁcation at optical microscope.
Fig. 5. Confocal laser-scanning microscopy analysis of a randomly selected B. emersonii’s EGFP-targeted zoospore obtained by ATM transformation. Green ﬂuorescent protein
expressed inside the zoospore is indicated by red arrow. Cells were photographed in 2 s intervals until 16 s at 400 magniﬁcation. Note that the green-ﬂuorescent motile
zoospore moves through the ﬁeld while the ﬂuorescence maintains the same localization in the cell. G = germinated zoospore; Z = zoospore cell.
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showed that fungal growth was totally inhibited by Hyg B at the
minimal concentration of 150 lg mL1 and thus this concentration
was used in initial selection of transformants. To establish whether
A. tumefaciens transfers T-DNA to the aquatic fungus B. emersonii,
we constructed the binary vector pBINPLUS-Hph (Fig. 1A). pBIN-
PLUS-Hph carries a T-DNA that contains the hygromycin B resis-
tance gene, coding for the hygromycin B phosphotransferase
enzyme (HPH), under the control of A. nidulans trpC promoter
and terminator.
Probably because B. emersonii is an aquatic fungus, their cells
need a wet environment to become sensitive to higromycin B
and, for this reason it is difﬁcult to evidence hygromycin B resis-
tance by colony formation in semi-dry selection plates. However,
in wet PYG-agar plates, wild-type cells are not able to grow nor-
mally and neither to sporulate in the presence of antibiotic, as
can be seen in Fig. 3A. For this reason, hygromycin B resistance
in B. emersonii was evaluated by normal growth and sporulation
observed by optical microscopy and not by colony formation.
Co-cultivation of induced A. tumefaciens EHA105 containing
pBINPLUS-Hph with B. emersonii zoospores that were allowed to
start germination (according to the scheme depicted in Fig. 2),
resulted in successfully transfer of T-DNA to B. emersonii, as evi-
denced by normal growth and sporulation of hygromycin resistant
cells (Fig. 2B). Hygromycin B resistant cells could be maintained for
at least ten generations in the presence of the antibiotic. Even if we
grew them in a non-selective media and then re-grew in selective
media, we could still observe hygromycin B resistance. This result
is an evidence of a satisfactory stability of transformation. When
B. emersonii cells were co-cultivated with A. tumefaciens containing
the empty pBINPLUS plasmid, no resistant zoospore could be ob-
served and selected (Fig. 3B).To establish whether A. tumefaciens transfers T-DNA to B. emer-
sonii´s genomic DNA, we maintained resistant cells in PYG-agar
plates containing hygromycin B for four generations (inoculating
zoospores in new selection plates at each generation) and puriﬁed
genomic DNA from a pool of resistant zoospores collected from the
last selection. Then we performed PCR to test if the 941 bp frag-
ment of the hph gene could be ampliﬁed. Fig. 4 shows that the
selection marker gene hph could be ampliﬁed from genomic DNA
of hygromycin B resistant zoospores, while it could not be ampli-
ﬁed from genomic DNA from wild-type hygromycin B sensitive
zoospores. This result indicates that the T-DNA containing the
hph resistance cassette was probably integrated in B. emesonii´s
genome. For further conﬁrmation of transformation, we decided
use a second type of recombinant reporter protein, EGFP, as will
be shown in Section 3.2.
3.2. T-DNA transfer containing enhanced green ﬂuorescent protein
(EGFP) gene
The evidence of B. emersonii´s hygromycin B resistance after
A. tumefasciens-mediated transformation, together with PCR analy-
sis of genomic DNA of resistant zoospores pool, represent impor-
tant demonstrations of the technique success. However, to make
sure about this, we decided to use EGFP expression as a second
type of analysis to evaluate transformation and recombinant
expression of exogenous genes in B. emersonii.pBINPLUS-EGFP car-
ries a T-DNA containing egfp gene under control of A. nidulans trpC
promoter and terminator sequences. The egfp gene encodes a red-
shifted variant of wild-type GFP (Chalﬁe et al., 1994; Inouye and
Tsuji, 1994; Prasher et al., 1992), which has been optimized for
brighter ﬂuorescence and higher expression in mammalian cells
(excitation maximum = 488 nm, emission maximum = 507 nm).
Fig. 6. Confocal laser-scanning microscopy analysis of a randomly selected B.
emersonii’s EGFP-targeted zoosporangium containing mature zoospores obtained by
ATM transformation. After sporulation induction we randomly selected a zoospo-
rangium expressing EGFP and recorded one picture per minute in a total of 268 min,
at 200 magniﬁcation. At the third panel (1080 s) we observe the exactly moment
of papilla opening and zoospore releasing. After this, ﬂuorescence decreases inside
the zoosporangium as zoospores leave it. (LM = light microscope).
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co-cultivated with B. emersonii zoospores that were allowed to
start germination (according to the scheme in Fig. 1). After killing
A. tumefaciens with 200 lg mL1 cefotaxim cells were allowed to
sporulate in PYG-agar plates and zoospores were collected and
analyzed by confocal microscopy (see Section 2). As can be seen
in Fig. 5, EGFP expression could be evidenced inside transformed
zoospores, corroborating the successfulness of A. tumefasciens-
mediated transformation technique for B. emersonii.
After this observation, we decided to evaluate EGFP expression
in other stages of B. emersonii´s cellular development. The pool of
transformed zoospores were inoculated in DM4 medium (Maia
and Camargo, 1974) and incubated at 27 C to allow germination
and growth. During germination and vegetative growth phase cells
were analyzed by confocal microscopy with excitation and
emission wavelengths of 488 and 507 (±35 nm), respectively.
Interestingly, we could not observe any EGFP signal at these cellu-
lar stages. In contrast, when plate-adhered cells were induced to
sporulate by washing the plates three times and incubating withsporulation solution (1 mM Tris–maleate buffer, pH 6.8, 1 mM
CaCl2), EGFP signal could be observed in some mature zoospores-
containing zoosporangia. In wild-type cells and cells transformed
with empty pBINPLUS binary vector, EGFP signal could not be
found in any differentiation stage. We recorded 268 pictures over
approximately 4 h (see Supplementary Video) showing EGFP-
expressing mature zoospores being released from a zoosporan-
gium. Fig. 6 shows selected frames of this video. Note that
EGFP-expressing zoospores inside the zoosporangium decreases
as sporulation time passes, due to zoospores release out of the zoo-
sporangium. Although we could observe EGFP expression only in-
side zoospores, these results surely conﬁrm that A. tumefasciens-
mediated transformation of B. emersonii is a feasible technique
for genetic manipulation of this fungus.4. Discussion
B. emersonii has been shown as a promising and interesting
model of study of cellular function and differentiation. However,
it has long been considered unamenable to molecular genetic stud-
ies because of the lack of an available transformation protocol.
Agrobacterium tumefaciens-mediated transformation (ATMT)
has been successfully applied to a variety of different fungal spe-
cies and systems during the last decade (Michielse et al., 2005),
becoming an important transformation alternative for such
organisms. In this study we described that Agrobacterium tumefac-
iens-mediated transformation (ATMT) is a feasible and promising
technique also for B. emersonii transformation.
We constructed a binary vector containing hygromycin B
resistance cassette (pBINPLUS-Hph) under control of A. nidulans
trpC promoter and terminator sequences. Transfer of T-DNA to
B. emersonii cells was evidenced by hygromycin B resistance after
co-cultivation of B. emersonii cells with Agrobacterium tumefaciens
containing the binary vector. PCR analysis of resistant cells´ geno-
mic DNA showed that the 941 bp fragment of the hph gene could
be ampliﬁed. Secondly, in order to conﬁrm the success of transfor-
mation, we constructed a binary vector containing an EGFP
expression cassette (pBINPLUS-EGFP). Confocal microscopy analy-
sis of transformed cells conﬁrmed the expression of EGFP inside B.
emersonii zoospores, what corroborate our previous results with
hygromycin B resistance cassette. Interestingly, we could not ob-
serve EGFP expression in any other cell stage, besides zoospores.
This observation might reﬂect the remarkable biochemical changes
during stage differentiation in B. emersonii that lead to different
protein expression proﬁles in each stage. Indeed, it has been shown
that a large number of proteins have their synthesis restricted to
short portions of the developmental stages (da Silva et al., 1986)
and this could be a reason for the restricted EGFP expression in
zoospores.
Such results open new possibilities and perspectives for molec-
ular studies of Blastocladiomycetes, especially B. emersonii, and
possibly correlate fungal classes, like Chytridiomycetes, which do
not have any transformation protocol described to date.Acknowledgments
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